ABSTRACT: Crossed nanowire structures are the basis for high-density integration of a variety of nanodevices. Owing to the critical role of nanowires intersections in creating hybrid architectures, it has become a challenge to investigate the local structure in crossing points in metal oxide nanowires. Thus, if intentionally grown crossed nanowires are well-patterned, an ideal model to study the junction is formed. By combining electron and synchrotron beam nanoprobes, we show here experimental evidence of the role of impurities in the coupling formation, structural modifications, and atomic site configuration based on crossed Ga 2 O 3 / SnO 2 nanowires. Our experiment opens new avenues for further local structure studies with both nanometer resolution and elemental sensitivity.
N anowires have been proposed as an ideal system for the assembly of a wide range of applications such as memory, sensing, logic, light emission and waveguide. Large-scale integration of nanowires into functional circuits will require practical interconnections for nanoscale devices. In this context, substantial attention has been paid to develop crossed semiconducting nanowires. 1 By assembling crossed nanowires into junctions, an integrated FET and light-emitting diode (LED) has been created by Lieber et al. 2 So far, the quality of the nanowire junctions has been mostly gauged by electrical transport and optical techniques. 3, 4 Additionally, indirect methods such as scanning electrochemical cell microscopy, 5 inelastic electron tunneling, 6 and Raman scattering 7 have been also used to determine local heterogeneous electron transfer kinetics and cooperative effects in a two-dimensional network of nanowires. However, the formation of such individual components also needs a systematic structural and chemical study of point contacts between different nanowires.
Although the selection of structural phases during growth is a key step in the development of nanowires for nanodevice applications, so far there are many open challenges; just few examples include the role of impurities on coupling formation and local atomic site configuration, how single nanowires are joined to form multiwires, whether there is a full control over composition, diffusion paths, and/or structural modifications, the coexistence of zinc-blende and wurtzite structures in diffusion-driven growth, 8, 9 phase separation problems, 10 mobility degradation by the presence of stacking faults, 11 strong diameter dependence of the crystal structure, 12 size-dependent defect density, 13 radial modulation doping, 14 as well as atomic scale variability due to fluctuations in the growth rate. 15 Techniques such as transmission electron microscopy and powder X-ray diffraction (XRD) have yielded information about these issues. However, in many cases the atomic structural rearrangements are still unexplored. Powder X-ray diffraction has been used to model the structure of ensembles of nanowires, and it is possible to obtain fits of XRD patterns by assuming bulk lattice parameters. But, the information content in XRD patterns is limited, particularly with respect to aperiodic parts of single nanowires (e.g., crossing points or nanowire junctions).
Consequently, apart from a few cases in which single crystal X-ray diffraction patterns of nanowires could be recorded, 10, 16 almost no information about the symmetry of individual nanowires and their intersections is available. A technique with the potential to measure structural disorder including atomic configurations is X-ray absorption spectroscopy. The cross section of an absorbing atom depends on the scattering of the generated photoelectron wave from neighboring atoms, thereby including information about the local structure around the absorber. Because of the local nature, this process does not rely on any long-range order in a sample. Also, extended X-ray absorption fine structure (EXAFS) has proven to be a valuable tool to investigate doping induced changes in nanowires. 10 Whereas EXAFS mainly probes the radial arrangement of neighboring atoms with respect to the absorbing atom, the spectrum within 50 eV above the absorption edge, X-ray absorption near-edge structure (XANES) is sensitive to the relative arrangement of multiple atoms due to the increased contribution of multiple-scattering effects. Nevertheless, most of the local up-to-date structural analyses on nanowires have reported average interatomic distances over a macroscopic volume. 17, 18 If nanofocusing optics is added to an X-ray absorption experiment, the challenge of study single nanowires can be overcome using X-ray nanobeams.
Recently, a couple of reports have published the first application of nano-X-ray absorption spectroscopy to single nanowires. 10, 19 Here we extend the use of an X-ray nanobeam to the study of a junction created during the growth of multiwires. Our focus on the intersection of such a nanocross is motivated not only by the observed morphological changes, 20−22 and/or elemental diffusion, 23−25 but also by the important local recrystallization and consequent atomic reorganization that could take place at the crossing points of the wires. 26−28 Depending on the merging angle between two nanowires, a mixture of structural phases, grain boundary defects, or a single-crystalline structure at the junctions 29−31 have been reported. The impact of the structural changes of the wire junctions on the transport properties is very critical. The formation of defect complexes or phase separation that changes the local structure has a strong connection with a lower conductivity and mobility at the nanojunctions. Moreover, not only are the transport properties affected but some contact areas could be optically unavailable because of the unwanted structural changes. As a consequence, the intersections may result in increased electrical scattering regions between segments due to an induced structural instability, which imposes an obstacle for realization of basic multiple arm blocks for future nanoscale devices.
Earlier efforts have led to demonstration of nanowire-based FETs and basic devices configured using a crossed nanowire geometry, including p−n diodes and bipolar transistors. 32, 33 However, the electrical properties of nanowires in these proofof-concept studies were far from optimal, leading to low apparent carrier mobilities and large sample to sample variations. Recently, for example, InSb nanowires with controlled structural properties have enabled the formation of nanowire crosses designed to explore potential configurations for Majorana Fermion exchange. 31 Therefore, here we address such issues by characterizing a nanowire junction formed by Ga-doped SnO 2 nanowires that lie across one Cr-doped Ga 2 O 3 nanowire obtained in a one-step thermal evaporation method based on a vapor−solid (VS) mechanism. Five polymorphs of Ga 2 O 3 (α, β, γ, δ, and ε) have been reported so far, but only two phases (α and β) are well-known structures. In particular, the β-Ga 2 O 3 with monoclinic structure is the thermodynamically stable phase, which consists of tetrahedral GaO 4 and octahedral GaO 6 units in a 1:1 ratio, whereas Ga atoms in α-Ga 2 O 3 (trigonal structure) are only in octahedral coordination. The phase transition from β-Ga 2 O 3 to α-Ga 2 O 3 has been reported under high-pressure conditions. 34 Finally, the spinel γ-Ga 2 O 3 also possess both tetrahedral and octahedral cation sites but with different ratios in comparison with the β-Ga 2 O 3 . On the other hand, the stable phase of SnO 2 is the rutile structure, in which Sn occupies octahedral sites in the crystalline lattice. It is important to emphasize that the wire junctions considered in the present work result from growth phenomena and not from laying wires across one another.
In addition, the incorporation of dopant impurities during the growth process may locally alter the crystalline phases of involved oxides at the wires junctions, because impurities might be located at available tetrahedral or octahedral coordinated sites in the host lattice. Thus, in this work we have carried out the study of wires' junctions by synchrotron X-ray fluorescence imaging, X-ray absorption spectroscopy, and scanning electron microscopy techniques with nanometer spatial resolution. These techniques are capable of monitoring nearest neighbors atomic distances and symmetry of the local environment just at the crossing points. Because Ga 2 O 3 usually behaves as a n-type semiconductor and Ga doped SnO 2 exhibits p-type conductivity, the contact region would end in a p−n nanojunction, which is a basic building block for the fabrication of nanodevices. Therefore, based on their high surface to volume ratios and small active sizes, gallium oxide and tin oxide nanowires are potential wide-band gap materials for optoelectronics and sensor nanodevices. In addition, because the crossed multiwire system results from a self-organization mechanism, a single-step evaporation-deposition process could be enough to achieve p−n nanojunctions (there is no need of postgrowth manipulation of individual wires to interconnect them).
Under an inert atmosphere and using pure elements as material sources, the one-step synthesis is based on a vapor− solid (VS) growth of metal oxide nanowires on substrates of the same oxide. So far, this deposition method has been used to obtain nanowires of Ga 2 O 3 , GeO 2 , or SbO 2 from pure Ga, Ge, or Sb, respectively. 35−37 Compared to vapor−liquid−solid (VLS) process, which usually requires gold nanoparticles to drive the nanowire growth, this procedure is catalyst free. However, the doping has proven to be elusive in metal oxide nanostructures because of the out-diffusion processes that usually led to rather low impurity concentration. In this context, there is still a lack of fundamental understanding of the mechanisms involved to get effectively doped nanostructures. 38, 39 Moreover, it has been observed that the presence of dopant in the precursor modifies the morphology of the synthesized nanostructures. For example, indium oxide addition to the Ga precursor led to the formation of Ga 2 O 3 nanobelts with stepped surfaces caused by In segregation during the crystal growth. 20 Alternatively, the presence of tin oxide has been found to play a major role in the lateral growth of branches from wires due to a catalytic effect at the surfaces of the nanowires. 40 In both cases, high-resolution transmission electron microscopy (HRTEM) techniques have shown a Nano Letters In this work, crossed Ga 2 O 3 /SnO 2 multiwire architectures were grown by thermal evaporation from metallic gallium placed on a gallium oxide pellet with both tin oxide and chromium oxide powders on its surface. We focused on Sn and Cr doping because Sn induces the nucleation of branches in Ga 2 O 3 nanowires, while Cr ions produce strongly luminescent centers in Ga 2 O 3 host with potential optical applications. 41 The samples were thermally treated for 16 h at 1500°C under an argon flux of 0.8 L per minute. Figure 1a shows a general view of the structures grown on the gallium oxide pellet, which mostly consisted of long branched wires. The structures were dispersed onto a silicon wafer to perform their characterization using both X-ray and electron beam probes.
In Figure 1b , energy dispersive X-ray spectroscopy (EDS) by scanning electron microscopy (SEM) shows that Sn is located only in the branches, while Ga is confined mainly in the trunk axis. In the SnO 2 branches Ga doping is also present at trace levels. This architecture, consisting of trunk and lateral branches, is reproducible over many structures. In good agreement, representative electron back scattered diffraction (EBSD) patterns ( Figure 2 ) reveal a main Cr doped Ga 2 O 3 nanowire (600 nm diameter and 18 μm length) crossed perpendicularly by several SnO 2 nanowires (∼600 nm diameter and 7 μm length). The EBSD measurements highlight that the crystalline structure of the lateral branches is the rutile phase of SnO 2 , while Kikuchi patterns from the trunk are indexed as the monoclinic phase of β-Ga 2 O 3 . Figure 2b displays the detail of one of the crossing regions, where labels A, B, and C stands for trunk, branch, and junction, respectively. Kikuchi lines were indexed according to the monoclinic β-Ga 2 O 3 phase in A and the rutile SnO 2 phase in B, whereas Kikuchi pattern from point C is a mixed combination of both phases (Figure 2e) . A series of nine EBSD patterns recorded along a line from the SnO 2 branch to the Ga 2 O 3 wire passing through the intersection area A more accurate chemical composition analysis was performed with the use of a hard X-ray nanoprobe at the undulator beamline ID22 at the European Synchrotron Radiation Facility (ESRF). 42 The goal was to probe compositional heterogeneities and local symmetry within the single crossed multiwire SnO 2 /Ga 2 O 3 structures. Using a pair of Kirkpatrick-Baez Si mirrors, the experimental approach involved the collection of X-ray fluorescence (XRF) emissions induced by a highly focused and intense hard X-ray monochromatic beam [100 × 100 nm 2 spot size (V × H) with 5 × 10 10 ph/s at 12 keV] at room temperature in air environment. The emission of characteristic secondary X-rays was recorded with an energy dispersive Si drift detector located at θ = (15 ± 5)°with respect to the sample surface. The spatial resolution of the experimental arrangement is governed by the spot size of the incident X-ray beam and the excitation volume. In combination with the high brightness of the third-generation synchrotron source, the diffraction limited X-ray lenses allowed for nanoscale lateral and chemical analysis with short acquisition times (typically from 200 ms to 1 s per spectrum). (Figure 3c ). There are small features associated with the morphological heterogeneities observed by SEM. The highlighted region (dashed circle), which corresponds to the location where EBSD measurements were acquired (Figure 2 ), is magnified in Figure 4 . The X-ray fluorescence measurements identify the precise spatial location of the crossing point and reveal that, according to the targeted architecture, the distribution of the major elements follows the expected pattern for the crossed multiwire array (Figure 3c ). The average XRF spectrum exhibits, besides Ar and Si from the air and Si substrate respectively, peaklike structures statistically significant and attributed to unintentional Fe and Ni elemental traces.
Apart from the X-ray transmission image (Figure 4b ) of the area shown in the SEM image of Figure 4a , Figure 4d shows the relative intensities of the Ga, Sn, and Cr characteristic lines normalized to the maximum peak height, which have been Figure 4c . As expected, within the sensitivity of our experimental setup both Cr and Ga elements show a close correlation on their spatial locations that are nearly colocalized. Although the measurements could suffer from the effects of shadowing and sample aspect ratio alignment with respect to the detector, along the points of the scanned line, the monotonous changes in the elemental profiles suggest no remarkable interdiffusion along the junction. The estimation of the concentration of the dopants Ga in SnO 2 (Cr and Sn in Ga 2 O 3 ) wires has been performed using PyMca code. 44 The resulting values are about (0.72 ± 0.01) atom % Ga in SnO 2 [(6.07 ± 0.01) atom % Sn and (0.014 ± 0.004) atom % Cr in Ga 2 O 3 ]. It has been reported that the occurrence of interdiffusion via formation of mixed spinel structures at heterointerfaces plays a crucial role on the resulting physical properties like, for example, the magnetic response. 23, 24 Here, the XRF findings point to a rather uniform crossed multiwire structure, without relevant signatures of junction-induced defects, elemental diffusion, and/or agglomeration effects. The connection between the dopant incorporation and structural information is discussed further on.
In order to get deeper insight into the local structure of the crossing point, the gallium partial density of states in the conduction band has been probed inside and outside the nanowire junction using nano-X-ray absorption spectroscopy. The XANES measurements were performed with a Si(111) double crystal monochromator at room temperature. The energy resolution under these conditions was estimated to be approximately 1 eV. Figure 5 depicts the spatially resolved XANES data recorded in XRF detection mode at the Ga Kedge. In general, Ga 2 O 3 has five polymorphs (α, β, γ, δ, and ε) but only two phases have well-known structures (α and β), because of the poor crystallinity of other gallium oxides. β-Ga 2 O 3 with monoclinic structure is the thermodynamically stable phase, whereas ε-Ga 2 O 3 presents the lowest symmetry. Compared to the β-Ga 2 O 3 , spinel γ-Ga 2 O 3 also possess both tetrahedral and octahedral cation sites but with different ratios. Figure 5a shows the XANES spectra of three reference compounds with different Ga environments. In GaAs, Ga atoms are in regular tetrahedral sites, whereas in α-Ga 2 O 3 Ga atoms are in distorted octahedral sites. Finally, Ga atoms present mixed coordination composed by equal GaO 4 and GaO 6 units in β-Ga 2 O 3 . Thus, following the dipolar selection rules, the XANES spectra exhibit a prominent white line mainly assigned to 1s → 4p dipole transitions, while postedge resonances are rather due to multiple scattering effects. The tetrahedral environment of Ga in GaAs displays an intense and narrow main peak at 10376.5 eV with more intense postedge structures due to the higher scattering power of heavier As atoms. On the other hand, the octahedral environment of Ga in α-Ga 2 O 3 displays a broader main peak at 10378.5 eV and a postedge feature at 10399 eV. Finally, the mixed environment of Ga in β-Ga 2 O 3 exhibits a wider main peak at 10377.5 eV with a shoulder at lower energy than the maximum (10375.5 eV), and a postedge feature at 10397 eV. Thus, β-Ga 2 O 3 XANES spectrum can be interpreted as a sum of two spectra corresponding to the octahedral and tetrahedral environments, where the feature at 10377.5 eV cannot be readily resolved. As a result, it is commonly assumed that the broadening of the white line is due to the existence of these two Ga environments. A negative shift is well-known to occur with decreasing coordination, and indeed it has been assumed to be an excellent indicator of Ga coordination in the structure. 45 Figure 5b shows similar XANES spectra acquired inside and outside the nanowire junction. Both spectra show low energy shoulders on the rising limb of the edge that might be explained by contributions from β-Ga 2 O 3 and a fairly strong and sharp peak similar to that of α-Ga 2 O 3 , which contains octahedral Ga sites. The inclusion of α-Ga 2 O 3 domains have also been reported in thin films of β-Ga 2 O 3 grown by molecular beam epitaxy. 46 Using both α-and β-Ga 2 O 3 coordinations, leastsquares fits, although not perfect, also points out a mixture of these two environments (see more details in Supporting Information Figure S2 ). Theoretical XANES spectrum of β-Ga 2 O 3 performed by first-principles calculation 47 shows that the rising edge of spectra is mainly composed by tetrahedral site, whereas the strong main peak is composed by octahedral site. In comparison to the β-Ga 2 O 3 reference, the intensity ratio between the main peak and shoulder in the collected XANES data is significantly different. In addition, the spectral resonances are better resolved, suggesting that likely a onedimensional Ga 2 O 3 structure has a larger number of multiplescattering paths than Ga 2 O 3 bulk. In general, it has been already reported that the white line intensity is higher and sharper in nanowires than in bulk materials. However, there is no general agreement about the origin of this effect. The phenomenon has been associated with an increase of the degree of localization of the p orbitals due to the confinement of the nanowire surfaces, 48 to the larger surface to volume ratio of the nanowires, 49 and to the increase of the attractive electrostatic potential on Ga ions due to the enlargement of its positive effective charge. 50 But our results do not provide extra information to elucidate the origin of this effect and further studies are needed. In principle, the fraction of Ga present as GaO 6 could be estimated from the absorption edge shifts, taking into account that the absorption edge shifts 2 eV in gallium oxides when passing from tetrahedral to octahedral coordination. 45 However, our experimental accuracy of about 1 eV does not allow us to report a convincing fraction from our measurements. In brief, no differences are observed between the spectra taken on the junction and on the wire, suggesting that a major β-Ga 2 O 3 phase with α-Ga 2 O 3 incorporated in a minor degree dominated all over the multiwire architecture. The crossing point does not induce significant unwanted local structural changes or recrystallization, indicating that a continuous (monolithic) structure has been produced by the self-assembly thermal growth of crossed nanowires. The development of such ordered nanocrosses could start possibly with a self-catalyzed process due to the presence of tin oxide plus pure gallium as source material. At the first stages, Sn atoms could segregate or form tiny droplets at specific points of the Ga 2 O 3 wire surface, acting as nucleation centers for the SnO 2 branches. Surface segregation of Sn on the nanowires during growth has been previously found to result in the formation of branched ZnO-based nanostructures. 51 Because the growth temperature is kept constant during the whole process, the quantity of source materials is the key kinetic factor driving the growth of both SnO 2 and Ga 2 O 3 oxides.
Recently, it has been reported that Mn-doped Ga 2 O 3 takes the spinel structure γ-polymorph in epitaxial films, which is uncommon for undoped bulk material. 52 During the growth of amorphous Ga 2 O 3 by means of pulsed laser deposition in a nitrogen-rich atmosphere, it has been also revealed the formation of quasi-binary system GaN−Ga 2 O 3 . 53 Further reports on gallium oxides have also claimed that these gallium oxynitrides, spinel-type compounds, are reaction intermediates during the ammonolysis of various Ga 2 O 3 modifications. 54 On the other hand, Ga 2 O 3 nanostructures have exhibited a core with crystalline β-Ga 2 O 3 phase and an amorphous oxide shell. Moreover, as the particles size decreases, an extended EXAFS analysis also showed that the ratio of the coordination number [Ga(tetrahedral)/Ga(octahedral)] in the β phase decreases and decreases further in the ε phase. 55 In summary, from an experimental point of view Ga 2 O 3 compounds range from amorphous to single γ-phase, depending on system dimensionality, size, doping, as well as growth method. Here, according to our XANES results the Ga 2 O 3 wires would present a uniform symmetry all over the multiwire architecture that apparently could correspond to a mixture of both α-and β-Ga 2 O 3 phases. Thus, a single step growth allows the use for precise control of the local coordination of the nanojunction, providing great flexibility in the structures that can be produced.
In order to get further understanding of the local structure at the wires intersection, EXAFS data were also collected around the Ga K-edge. Figure 6 shows the magnitude of the Fourier transforms (FTs) of the EXAFS functions, as well as EXAFS oscillations accompanied by their best fits in the interval k = 2.7−9.9 Å −1 applying a Hanning window. The data quality, though limited to the first few neighbor atom shells, is good if we keep into account the difficulties that usually involve an Xray absorption spectroscopy experiment with an X-ray nanobeam. So far, a major challenge for current X-ray microscopes with submicrometer resolution is to stabilize the focal spot position as a function of energy (monochromator scan) for long periods of time. Using the FEFF code, 56 the EXAFS data analysis was carried out by ab initio modeling of the absorption cross section. Theoretical backscattering amplitudes and phase shifts for all single and multiple scattering paths were calculated using a mixed environment of α-Ga 2 O 3 and monoclinic β-Ga 2 O 3 model clusters. The α-phase belongs to the R3̅ c space group (corundum structure with a = 5.31 Å, and α = β = γ = 55.28°), having a 6-fold octahedral environment with three Ga−O distances of 2.08 Å and three others of 1.92 Å in the GaO 6 octahedra. Thus, in comparison to GaO 4 tetrahedron the two Ga−O distances of the octahedral GaO 6 environment in α-Ga 2 O 3 usually decrease the FT magnitude of the EXAFS function. The monoclinic β-phase (C2/m space group structure) with five average coordination number has equally distributed Ga 3+ ions between octahedral GaO 6 polygons with two averaged distances of 1.95 and 2.06 Å, and distorted tetrahedral GaO 4 units with a mean Ga−O distance of 1.83 Å (lattice parameters a = 12.21 Å, b = 3.04 Å, c To compare both EXAFS data collected inside and outside the nanowire junction, the k-interval for the Fourier transform has been kept constant from 2.7 to 9.9 Å. The first peak (centered at 1.25 Å) is related to Ga−O distances. The peak magnitude, which is similar inside and outside the nanowire intersection, indicates an ordered environment. The ARTEMIS routine 57 was exploited to fit in R space within the window [0− 3.4 Å], which included the first and second coordination shells. We have fitted the interatomic distances (R i ) and Debye− Waller (DW) factors (σ i 2 ) of the different atomic shells, fixing SO 2 amplitude to 1. The values of the structural parameters extracted from the curve fits (Figure 6b ) are reported in Table  1 . A fixed coordination of oxygen nearest neighbor atoms and Ga second-nearest-neighbor atoms was applied to both α-and β-Ga 2 O 3 polymorphs. The analysis yields 1.83 Å Ga−O distances for the wire, which agrees well with the distance for tetrahedral sites in β-Ga 2 O 3 phase. However, for the junction the EXAFS fits yield 1.86 Å Ga−O distance. This finding is comparable to values observed in other compounds with GaO 4 units, like GaAsO 4 berlinites (1.83 Å) or MgGa 2 O 4 spinel (1.89 Å) but is shorter than those with GaO 6 units, such as α-Ga 2 O 3 (1.98 Å) or Ga in a rutile phase, Ga/SnO 2 (2.05 Å). Within the experimental error, the second shell supports the results obtained from the first shell. At the crossing point, the Ga shell has larger average interatomic distances (R Ga−Ga ) and is more disordered than in the wire (see Debye−Waller factors σ 2 Ga−Ga ), suggesting that the nanojunction tends to distort and expand locally the Ga 2 O 3 lattice. On the other hand, the presence of native defects, which usually involve oxygen vacancies, may lead as well to some deviations from the 1:1 [tetrahedral/octahedral] occupation ratio in β-Ga 2 O 3 . In fact, according to the EBSD data, the junction region exhibits mixed phases, which could give rise to a core−shell-like structure or an intermediate spinel (SnGa 2 O 4 ) phase. Both XANES results and EXAFS analysis confirmed that a mixture of α-and β-Ga 2 O 3 sites are involved with six coordination number for the octahedral GaO 6 symmetry of Ga in α-Ga 2 O 3 and five average coordination number for the mixed Ga environment in β-Ga 2 O 3 composed by half of the Ga atoms in tetrahedral GaO 4 symmetry and the other half in octahedral GaO 6 units. However, these sites are slightly distorted due to the lateral SnO 2 branch in comparison with the well established Ga sites in the above-discussed Ga 2 O 3 polymorphs. In addition, our nano-XAS results gave no evidence of large structural defects induced by the Cr incorporation in the Ga 2 O 3 host lattice. Although the presence of segregation effects upon doping cannot be completely ruled out, within the sensitivity of our experimental techniques the local Ga environment revealed by X-ray absorption spectroscopy indicates the preservation of a mixed coordination along the wire composed by Ga atoms in tetrahedral GaO 4 sites and in octahedral GaO 6 units, independent of the impurity levels. Moreover, no significant bond length deviations attributed to the dopants were observed. These findings are in good agreement with previous observations, which reported that the presence of Cr in Ga 2 O 3 nanowires does not influence strongly in the vibrational properties but only induces in the luminescence an intense red band characteristic of Cr 3+ in the oxide. 40 In general, our results also highlight the convenience and reliability to obtain uniform dopant distributions in multiwire architectures by a thermal evaporation method.
In summary, we showed the use of a hard X-ray nanoprobe with elemental and local structure specificity to probe the compositional uniformity and symmetry of point contacts between single crossed Cr-doped Ga 2 O 3 /SnO 2 nanowires grown by thermal evaporation method. Elemental maps displayed Cr, Ga, and Sn atoms homogeneously distributed along the multiwire structure. XANES data around the Ga Kedge showed that there is no significant structural disorder induced by the intersection region. Within the sensitivity of our experimental techniques, XANES spectra exhibited distinguishable peaks that were assigned to the tetrahedral and octahedral Ga sites of β-Ga 2 O 3 and α-Ga 2 O 3 environments on the basis of a comparison with reference polymorphs. The preliminary EXAFS curve-fitting analysis suggests that likely other phase or defects are present in the crossing point, giving rise to the small changes in the interatomic distances of the first two neighbor shells. Our results support that the self-assembly of crossed multiwires during a single step thermal growth represents a viable strategy for organizing individual nanowires. In principle, the formation mechanisms of interconnected Ga 2 O 3 /SnO 2 wires could probably be extended to other semiconductor oxide systems. 
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